Chromovitrectomy · Deuterium oxide · D-Mannitol · Polyethylene glycol 3350 · Internal limiting membrane staining · Macular holes Abstract Purpose: This study was performed to investigate the chemical stability of different dyes used in chromovitrectomy and the influence of various product parameters on it. Methods: Buffered dye solutions were prepared containing 1.5 g/L acid violet 17, 0.25 g/L brilliant blue G, 1.3 g/L bromophenol blue, and 1.5 g/L trypan blue, combined with deuterium oxide, polyethylene glycol 3350, and D-mannitol as additives. For accelerated storage testing, samples were incubated for 400 h at 80 ° C corresponding to 2 years according to the Van 't Hoff equation. After different incubation times samples were taken for UV/Vis spectroscopy, pH measurement, and osmometry. Results: Depending on dye, additive, and packaging, different solutions exhibit differences in chemical stability and hence shelf life. Packaging in syringes instead of vials increases dye stability. Additives may negatively influence important parameters, e.g. polyethylene glycol 3350 increases osmolality beyond the physiological
Introduction
The staining of intraocular membranes during vitrectomy, also known as chromovitrectomy, has become a routine application in modern ophthalmic surgery. This method was first described in 2000 by Burk and colleagues using indocyanine green (ICG) as staining agent [1] . However, it has been known for a long time that ICG is quite unstable in aqueous solutions [2] and therefore has to be prepared immediately before use. The degradative reactions of ICG lead to destaining and are irreversible. Thus, uniform staining results are hardly guaranteed [3] . In addition, degradation products of ICG negatively influence biocompatibility [4] .
Meanwhile, different dye solutions are commercially available, ready-to-use, and CE marked. These solutions contain dyes such as acid violet 17 (AV), brilliant blue G (BBG), bromophenol blue (BPB), and trypan blue. Importantly, these various products do not only differ from each other with respect to the dye but also in the different additives used as well as in packaging. On the one hand, the various additives used all increase the density of the respective solution. On the other hand, additives differ substantially with respect to their chemistry. In the early years of chromovitrectomy, glucose was the first choice to increase the density of dye solutions. However, due to toxic effects triggered by glucose [5] , various alternatives have been developed. Today, 3 different additives are mainly used to increase the density in commercially available dye solutions: deuterium oxide, D-mannitol, and polyethylene glycol. These solutions have an expiry date of at least 2 years. In general, the shelf life of medical devices can be related to different parameters, e.g. warranty of sterility. Otherwise to be used as staining agent, it is equally important to obtain consistent color strength. To this end it has to be guaranteed that the dye does not change chemically during storage. Unfortunately, however, comparative stability studies of the different dyes in aqueous solutions are not available yet.
The aim of this study was to investigate the stability of different dyes as well as the influence of buffer additives and packaging on it. The results obtained reveal that there are differences in stability and hence shelf life depending on dye, additive, and packaging.
Methods
First, buffer solutions for 4 different dyes used in chromovitrectomy were prepared, identical in composition to commercially available dye solutions. All buffers were based on 8.2 g/L sodium chloride (NaCl), 1.9 g/L disodium hydrogen phosphate dihydrate, and 0.3 g/L sodium dihydrogen phosphate dihydrate (all from Carl Roth, Germany), prepared with water for injection (Fresenius Kabi, Germany). As additives, we used 130 g/L deuterium oxide (Carl Roth), 49 g/L D-mannitol (Amresco, USA), and 40 g/L polyethylene glycol 3350 (Sigma Aldrich, USA). Note that NaCl was omitted from the buffer containing D-mannitol, because otherwise a substantial increase in osmolality (>500 mosm/kg) is observed. In addition, the corresponding product, which was commercially available until recently, also contained no NaCl. These different buffers were used to prepare one of the following dye solutions: 1.5 g/L AV (Sigma Aldrich), 0.25 g/L BBG (Sigma Aldrich), 1.3 g/L BPB (Fluka Analytical, USA), and 1.5 g/L trypan blue (Merck, Germany). These concentrations were selected to match commercially available products. Using a 0.2-μm sterile filter (Sartorius, Germany), 0.6-mL aliquots of each of the solutions prepared were filled in 2-mL glass vials (Dedecke, Germany) and 1-mL glass syringes (Gerresheimer, Germany) under clean room conditions (ISO 5). All samples were terminally sterilized by autoclaving at 121 ° C for 20 min (Holzner, Germany).
Artificial Aging
To mimic a storage period of 2 years at 25 ° C, the samples under study were incubated for 400 h at 80 ° C in a heating and drying oven (Memmert, Germany). According to the Van 't Hoff equation an increase in temperature by 10 K will lead to doubling of the reaction rate. Applying this rule, 400 h at 80 ° C equate approximately to 18,000 h at 25 ° C, which corresponds to 2 years. After 100, 200, 300, and 400 h of incubation, samples were taken for analysis.
Dye Quantification
The amount of dye was determined by UV/Vis spectroscopy (Thermo Scientific, USA). To identify the dye-specific dilution, which results in a peak height within the effective range (1-2.5 absorption units), different dilutions of the unaged dye solutions were tested. Having identified a suitable dilution for each dye under study, this parameter was used in all subsequent measurements. Before starting artificial aging of the different dye solutions, a corresponding probe was measured as unaged reference. All the other samples were measured directly at the end of artificial aging. Data of absorption maxima were normalized as a percentage of the value of the corresponding unaged dye solution, arbitrarily defined as 100%. Data are expressed as means ± SD, n = 3 from separate samples. All pH determinations were performed using a pH meter (WTW, Germany) calibrated at pH 7.01 and 10.0 on each day the measurements were taken. Data are expressed as means ± SD, n = 3 from separate samples.
Osmolality
All osmolality determinations were performed using a freezing-point depression osmometer (Knauer, Germany) calibrated at 0 and 400 mosm/kg on each day the measurements were taken. Data are expressed as means ± SD, n = 3 from separate samples. 
Results
To get an impression how the various dye solutions differ in stability, we first analyzed the percentage of dye after storage for 400 h at 80 ° C compared to the amount of dye before starting the aging process. Figure 1 shows that after 400 h at 80 ° C, BBG, BPB, and trypan blue exhibit residual concentrations between 80 and 90%. Obviously, they are subjected to only minor degradation. In contrast to these 3 dyes, AV is totally degraded. Interestingly, this degradation is already visually observable. The color of the dye solution changes from dark violet to light green. Thus, our present data indicate that dye solutions containing AV in phosphate-buffered saline may be rather unstable.
Second, we determined the influence of packaging on the stability of the different dye solutions. The results demonstrate that dye solutions filled in syringes are much more stable than in vials ( Fig. 1 ) . Again, this observation applies to all dyes except AV. This dye is degraded independent of packaging.
Third, we wanted to test the influence of standard buffer additives, deuterium oxide, D-mannitol, and polyethylene glycol 3350, on dye stability. The results revealed different findings. For example, in combination with PEG, BBG exhibits its poorest stability, whereas the stability of BPB is >98%. Irrespective of the additive used there is no AV detectable in ( Fig. 2 a, b) . Tables 1 and 2 summarize the absorption values obtained after different times of artificial aging of various dye/buffer combinations. Depending on dye, additive, and packaging, the data clearly show significant differences in absorption values and hence in stability and thus shelf life.
The last 2 experimental series analyzed the variation of 2 physiologically important parameters, pH and osmolality, during aging. Our results obtained so far revealed that AV, filled in vials, is subjected to the strongest changes. Figure 3 clearly shows that all AV/buffer combinations ensure stable pH values between 7.0 and 7.4 over time, except the D-mannitol-containing AV solution. In the latter case the pH drops below 7.0, already detectable after 100 h of incubation, which roughly equals a storage time of 6 months at 25 ° C. Values below pH 7.0 were also observed in other dye/buffer combinations filled in vials and syringes, but only if D-mannitol was used as additive ( Tables 3 , 4 ) .
Analysis of changes in osmolality during the time of aging revealed no meaningful differences among the different dyes. In general, the osmolality of all dye solutions increases over time and is beyond the physiological range of 280-300 mosm/kg. This is most prominent in buffers with PEG as additive. In this case, the osmolality at time zero is already higher than the final osmolality measured with all other buffer combinations ( Fig. 4 ) . Furthermore, in all cases the osmolality of the AV samples was a little higher than with other dyes and the osmolality in vials was a little higher than that in syringes ( Fig. 5 a, b) . 
Discussion
In this study, we analyzed the influence of additives and packaging on the stability of different dye solutions used by ophthalmic surgeons during chromovitrectomy. The results of our analyses suggest that, with respect to stability, dye solutions filled in syringes should be preferred to solutions filled in vials. One possible explanation for the greater dye stability demonstrated in syringes is that both the total amount of air and the contact area between dye solution and air is smaller in prefilled syringes. Hence, oxidation processes, which are probably responsible for degradation of the dyes, are slowed down.
Any influence of additives on dye stability could clearly be detected only in the combination of AV and D-mannitol. Interestingly, BBG and BPB also exhibit the highest dye stability in combination with this sugar alcohol. Chemically, all 3 dyes are so-called triarylmethane dyes. The fact that addition of D-mannitol contributes to the stability of the dyes is further evidence that the degradation observed is due to oxidation. It is well known that D-mannitol exhibits antioxidative effects. For example, Liu et al. [6] showed that addition of D-mannitol increases viability after incubation of cells with hydrogen peroxide, a strong oxidant.
Our in vitro results obtained with AV in combination with D-mannitol, i.e. incidence of degradation products, drop in pH, may contribute to the explanation of the reported clinical adverse effects in AV-assisted peeling of the internal limiting membrane, in particular in patients with macular holes [7] . Another additional reason might be the concentration of the AV solution which was commercially available until recently. This concentration (1.5 g/L) is more than 10 times the recommended concentration (up to 0.125 g/L) based on data with the isolated superfused vertebrate retina model [8] . This study was performed at 30 ° C, be- In the case of AV, only the combination of D-mannitol buffer and packing in syringes shows a relatively high stability. However, this stability is at the expense of a pH shift to the nonphysiological range. Importantly, packing and subsequent clinical use of AV in vials may be extremely critical because no way was shown to stop the degradation of AV.
It might be said that in our study absorption is synonymous with the existence of the undegraded dye. Thus, degradation products exhibiting a comparable absorption spectrum may lead to false positive results. Our data warrant further investigations whether these modifications of the chemical properties do indeed lead to impairment in biocompatibility.
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